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‘A constant discharge coefficient (Cg), relating flow rate to the squere root

of the differentisl pressure across a primary element, is a desireble characteristic

of any flow sensor to be used in shipboard automatic control sys*ems. Although the

simple, square edged orifice meets this criterion for turbulent flows , Cg does not

remain constant for applications in the leminar .nd transitfonal regions of pipe

Reynoids number (Rep). In a quest for a device which exhivits both simplicity and

a congtant Cj at low Rep, twelve conic entrance orifice plates were tested. -

The range of orifice to pipe diameter ratios (B) was C.1 to 0.5, and Rep,
ranged from 40 to 50,000. C4 was constant within + 1% over the specified range
of Rep for B = 0.1. For B> 0.2, g was constant within + 2%, indicating a
worsening of performance with increasing B.
Graphs of (3 versus Rep exhivited a "hump" which consistently occurred just
below t“e eritical Reymolds number for pipe flow (~ 2000), Theoretical considerations
© showed that this hump is attributable to fluid viscosity and that its height might be
lessened bty geometrical modifications. Accordingly, qualitative arguments a2re pre-
sented which contend that a protruding conic edge might improve performance at low
Rep.
j X The conic entreuce orifice is to be preferred to the square edged orifice where
- -low values of Rep are encountered. The device is not unique , however, since quesdrant
.t 7 edge orifices are also well suited for such measurements.
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ABSTRACT
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A constant discharge coefficient (C5), relating flow rate tc

A

the square root of the differertial oressure across a primary element,

T

is a desirable characteristic of any flow sensor to be used in shipboard
automatic control systems. Although the simple, square edged orifice
meets this criterion for turbulent flows, C q does not remain constant
for applications in the laminar and transitional regions of pipe
Reynolds number (Rep). In a quest for a device which exhibits both

simplicity and a constant Cq at low Rep, twelve conic entrance orifice

R

plates were tested.
The range of orifice to pipe diameter ratios (8) was 0.1 to 0.5, :md

Rep ranged from 40 to 50,000. C4 was constant within + 1% over the

P NRTRUNSTENY
Ao\
‘ X

apecified range of Rep for B = 0.1. For B 2 0.2, Cg was constant with:n

+ 2%, indicating a worsening of performauce with increasing f.

Ugansy

Graphs of C4 versus Rep exhibited a "hump" which consistently occurred

Just below the critical Reynolds number for pipe flow (~ 2000). Theoretical

considerations showed that this hump is attributable to fluid viscosity
and that its height might te lessened by geometrical modifications.

Accordingly, qualitative arguments are presented which contend that a

protruding conic edge might improve performance at low Rey,.
The conic e trance orifice is to be preferred to the square edged

orifice where low values of Rep, are encountered. The device is not
unique, however, since quadrant edge orifices are also well sulted for

such measurements,
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SUMMARY PAGE

Ihe Problem
A constant discharge cosfficient (Cd), relating flow rate to the

square root of the' differential pressure across & primary element,

is a desirable characteristic of any flcw sensor to be used in
shipboard automatic control systems. Although the simple, square edged
orifice meets this criterion for turbulent flows, Cy does not remain
constant for applications in the laminar and transitional regions of
pipe Reynolds number (ReD). A modified orifice for which C4 remains
constant at low Rep (i.e., into the laminar region) would thereby
contribute to Naval flow measuring capabilities. Accordingly, it is

the aim of this project to investigate the periormance of the conic

entrance orifice as a flow measuring element in the low Rep domain

covering laminar, transitional and turbulent pipe flows.

1

e~

A secondary aim is to decipher which modifications to this type
of orifice are likely to result in improved performance over the
specified Reynolds number range.
Eindings

While the conic entrance orifice is an improvement over the square
edged ovifice for flow measurement in the low Reynolds number domain, it

is only for the smallest orifice~to~pipe diameter ratio tested, R = 0.1,

that Cy may safely be assumed constant within * 1% meximm veriation. 1
For R > 0.2, the discharge coefficient may be considered constant within

+ 24, Further, a plot cf discharge coefficient versus B with less than

P B )

14 standerd deviation does not appear feasible for the specifiadrange of

Reynolds number,

Tnevretical consfderations suggest that modification of the upstiream

LR
x v

surface of the conic entrance orifice plate, producing a protruding conic

E
’
E
|
5
i§
é
é%
é

edge, could result in improved performance at low Reynolds numbers.

11 :
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Recommendations

The counic entrance orifice is preferable to a square edged orifice
wherever pipe Rey;xolds numbers below 2000 are common. The device is
not unique, however, since the quadrant edge orifice shows approximately
the same vpercentage maximmn variation in discharge coefficient over the
specified range of Reynolds number.

Further investigations should involve testing of modified conie
entrance orifice plates, such as the protruding conic edge oxifice

proposed in this report.
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“ : L NOMENCIATURE
‘ A -~ area

B Cq - discharge coefficient

E D -~ pipe diameler

¢ - crifice diemeter

n - s3mss fiow rate

P - pressure
Rep - vipe Reynolis number

Re 4 throat Reynolds mumber

SAITCNY

v - fluid velocity

Greek
8 ~ the ratio d4/D

ot

A : p - fluid mass density
Subgeripds
1 - denotes upstream station

2 - denctes downstream station

AT A SRR

a - actual

t -~ theoretical
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REPORT OF INVESTIGATION

INTRODUCTION

The common square edged orifice, consisting of a concentric hole in

a circular metal plate, is, geometrically, an exceedingly simple device for

the measurement of fluid flow, If the Reynolds number (ReD) of the flow

is sufficiently larpe, then application of Bernoulli's equation leads to

a theoretical expression for the mass flow rate vhich is equelly simplistic,

and is directly proportional to the actual mass flow rate. The "constant"®

of proportionality, Cq+ is kpown as the discharge coefficient, and is

actually a weak function of the fieynolds number, asymptoticaily approaching

a conytant value as Rep = «. If the upstream edge of an ordinary orifice
is beveled, it is called a conic entrance orifice. For sufficiently large

Re,, =rch an orifice lends itself to the same simplified flow measuring

D
procedure described above for the squared edged orifice., However, in the

low Reynolds number domain, when Cy can no longer safely be assumed

independent of Rep, the dependence of C ) on ReD is different for the square

edged and conier entrance orifices.

Since the marmitude of the deviation of Cy from its mean determines
the lower 1lirit of Rej for which the Bernoulli equation approach will
lead to arcurate flow measurement, arny modification to an ordinarv orifice
which ra2sul¥s in & smaller variation in Cq at low Revnolds numbers thereby
resulzs in an orifice whose practical range of applicability is increased
(i.c., 2% may e used for smaller Rep). The puimazy purpose of this
investigation is, therefore, to experimentally determine ‘the values of
the discharge coefficient for various conic entrance orifices and thereby
assess their adequacy for flow measurement over an unusually wide range

of Reynolds numbers, from the laminar region into the turbulent region.
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A secondary Jbjective is to investigate, analytically, modifications 'l
to0 the conic ertrance orirfice which might further extend the range of
ReD for which ori{"ice flow measurement is practicable,

The conic entrance orifice has been selected by the International .
Standards Organization ([ISO), Working Group ISO/TC30/WGl0, as a recommended
IS0 standard when flows have pipe Reynolds numbers in the region shown
in Table I. The results of this investigaiion, in addition to the test
regults of similar investigations by four leading manufacturers of flow
measurement equipment, will be made available to the Fluid Meters R-search
Committee of the American Society of Mechanical Engineers, whirli wi’l aid
the U.S.A. commdttee for ISO/‘I‘CBb to esteblish its position 2s to the adeguacy

of the ocdnic entrance orifice as an international standard for low Reynolds

A ——r————————— & 44 S e

rumber flow measurements.

TABLE I - RANGE OF PIPE REYNOLDS NUMEERS AS
A FUNCTION OF DIAMETER RATIO R

Minimm Maximum
B Re D Re,
0.1 40 20000
0.2 40 40000
0.3 60 50000
0.4 120 50000
0.5 260 50000
2

™
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SOME THEORETICAL BACKGROUND
The theoretical equations for liquid flow through a conic
orifice are normally obtained in the same fashion as for any other
differential pressure meter. No allowance is mede for viscous effects,
a flat velocity profile is assumed, and the liquid is considered in-
compressible. Using this model, the fundamental equations are those
of mass conservation,
piby = pVake
and energy conservation at constant elevation:
IR TANS R 1A
Denoting the ratio of the orifice diameter, ;i, to the pipe diameter,
D, by B, it is a matter of simple algebra to soive the above equations

for the theoretical mass flow rate:

Y
my = pahe = (___“___29;33& = ))

Tf the actual mass flow rate is denoted by m,, then the discharge coefficient
is defined by:

Hence, if the values of 4, D, and p are known, measurement of the difference
4 tetween upstreem pressure (P, ) and the pressure of the fluid issuing from
the orifice (P,) will permit determination of m,. The actual flow rate is

)

then predictable if C4 is known. . ]

£ .
€ Althcagn 8 more compiete, general theory or fluid flow is manifest :“
3 in the Navier-Stokes equations, these equations have never been solved
E’ ) exactly for flow through an orifice. The preceeding, simplified method
v““ - ’ g

has proven most practical for measuring turbulent flows, for C4q is then

P

nearly constant. It is in the laminar, or low Reynolds number Jomain that ;
3

I
-
d
en Bt adibn g, s R s P A P Pl it e AT et . P nmmm»ﬁ

.....




%
)
e

Uany i R 2 S SRR G S S 2N B i A Y

&
ANl PR, s »a‘i
LAY STy e = O 4 g P 3 Asrad et g5 [ . .
R T 1.-.4/0(:", e I AN L R M R A s Ao PR T Raean.~ SR AL LY IR A ety o R, FRTSY O S ¥ Lt Sl =~ S

s Ji3 fg"%w»*,ﬂ‘ﬂm"% Ao hias

R R IR TRATZ G

[P

NAVSECFHIIADIV PROJECT A=1000

the dependence of C, on Rep, becomes pronounced. In this circums’cance-, s S
one must know the value of Rep in order to predict Cq and, hence, m,,

b n mst be knovn in order to caleulate Rep. The lementable situation
thus arises whereby one must know m, in order to predict m,. wWith this
realization, the desirability of en orifice flowmeter whose discharge
coefficient exhibits only slight change with changes in Rep in the laminar
region is immediately evident.

EXPERIMENTAL FROGRAM
Test Equipment . ) )

The geometry of a conic entrance orifice pflatc is denicted by .
Figure 1. The labels on the ﬁgurg identify parameters whose specifications
are 1lisled in Appendix A, Figure 2 is a photograph of the upstream face
of one of the conic entrance orifice plates used in the experiments, The
conic entrance is accented by the light reflected from it,

Twelve orifice plates were tested in all. Five were manufectured
by Daniel Industries, Inc., and seven by Taylor Instrument Division, Sybron
Corporation. Two inch piping (70" upstream, 10" downstream) was supplied by
each manufacturer for use with their respective orifices. The orifice~to-pipe
2iameter ratio (B) had nominal values of 0.1, 0.2, 0.3, 0.4, and 0.5, The
d‘mensions of these plates, as well as the required spezifications, are
1isted in Appendix A. It should be noticed that the mamifacturers evidently
found certain specifications difficult to meet.

Two centaring dowels proiruded from the flarngee on the Deilel muping
g0 that the outside diameter of an orifice plate (as depicted in Figure 2),
when held flush with the dowels, would be concentric with the piping. The
Taylor {langes and orifices had matching pairs of holes in which centering

pins (see Figure 3) were to be placed to assure concentricity. A paper i




|
i

P s 2e 8}

N
A O IARG L

SicE o A aX oy gemy Zatd

e i e

ST

$23

TR P R PECPIERR I, o, Rt
NAVSECPHIIADIV PROJECT A-1000

e

il
e

DN

| e — —{— <
w NS N N\

& A
—tonf

[0

-

Ry
'

(Specifications in Appendix A)

FIGURE 1 - SECTION OF CONIC ENTRANCE (RIFICE
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FIGURE 2 - UPSTREAM FACE OF CONIC ENTRANCE ORIFICE
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)
by Miller and Kneisel 90ints out that eccentricity of orifir~ =ith 2

piping may effect .rinsiderably the discharge coefficient, he :.:e necessitating

these precauticns.

in order to a%tain the low Reynolds numbers requigite to tnis
investigation, while meintaining differential pressure large enough
to permit accurate determination of Cj, it ras necessary o employ a
relatively viscous fluid. On the other hand, to attain the highesc
Reynolds mumbers called for (see Table 1), =nile avoiding pressures too
high to measure on a one-hundred inch mercury manometer, considerably lower
viscosities were necessary. Preliminary calculations showed that water
was unsuitable for the specified range of ReD under the restrictions on
the differential pressure range (10" Hy0 < AP < 100" Hg). Additional
calculations showed that the specified runges of Re.D (subject to the
restrictions on AP) could be covered through the use of two oils of

SHAMCEHIRRAEE S R s ot o e i b L0 A

different viscosities: Navy Special Fuel 0il for Jow Re), and the Navy's

"
(% v,

E: distiilate fuei for the higher values of Rey.
Since both the water and the mercury marometers used in thess aste

ALY

required -ater filled input leads, it was necessary to have an inter ..

i g

between the metered 1iquid (o0il) and water. This was accomplished by

7 manufacturing a peir of oil-over-water 1eservoirs (see Figure 4}, the tops
of which were fed from upstream and dc-nstream corner pressure iaps
respectively (see Figure 3). The cross section areas of these reservoirs
»' were Rade large enough so that changes in manmeter water levels would not
appreciably alter the height of the interface during testing.

3 Test Procedure

2 In order to calculate the discharge coefficient accurat:ly, it was

Radi &4

ISuperscripted mmbers refer to referencec listed in the bibliography.

)
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necessary to obtain prejise measurements of Aifferential pressure, fluid
temperature, and mass flow rete. The latter remster was inferred
indirectly from measurements of the total weight Clow, the total time

of flow, and the oil specific gravity st the temperature of the test*

The differential pressure acrose the orifice was measured with one-lnmdred-
inch, u-tube mancmw*.. ;; air over water for the low flow rates, and water
over rercaxy for tir higher flow rates. Fluid temperature was measured
using iron~constantan the;moeoupias attached to the surface of ths piping
immediately preceeding the orifice and about 65 inches upstream (see
Figure 5). Ilagging was affixed to the upstream piping (covering both
thermocouple attachments) so that transient temperature oonditions ocould
be detected by the accompanying temperature dispesity (i.e., at low

flow rates the heated 0il produced a temperature rise on the upstream
thermocoupls considerably in advance of the temperature rise detacted near
the orifice). Accurate temperature msasurement ais necessary to determine
the oil viscosity, end hence the Reynolds number, accurately.

The accuracies sought in the measuremsnt of primary physical
parameters were chosen so that Cy might be determined within + 1/4%.
However, due to fluctuations in the flow; the necessity to msavure very
sl differential pressures; large response times of temperaturs and
differential pressure elswents at low flow reates; and unexpected timing
inaccuracies for wery fart runs, a safer estimate for the mean uncertainty
in the determined values of C, 1s + 0.4% (barring aystematic errors).
Repestabdility checks on several points substaniiated this estimate. The
unoertainty in Re, was within t 10%.

% Ol1 specific gravity was measured at GOCF and calculated for other
texperatures using the API tables,
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Test Results

Al: twelve orifice plates were tested, and the resultant data
were used to caleulate discharge coefficients, Cd, and i)ipe Reynolds
numbers, Rep. Dimensional consideratiorgshow that Cq is a funetion
only of Rep, and the plaj_ke geometry., The results of this investigation
are therefore aptly conveyed by a graph of Cq versus Repy for eack orifice
plate. Such graphs are given in Figures 6 - 17,

Although the value of Cs varies with g, it is characteristic of
all conic entrance orifices tested that Cq has an absolute maximm some-~
where in the Jaminar region (Rep < 2000). Aithough this investigation
was not concernad with flow at very high Reynolds numbers, .t is well
known that Cz; remains nearly constant for turbulent flows. It appears
as though the ranges of Rep listed in Table I are such that, at the upper
limit of Rzp, Cs approaches the valuz it would have for fuvlly developed
turlulent flow. The lower limits on ReD seem to have been chosen so
as to exclude values of C 4 that are lower than those found at the upper
limit. The keight of the "hump" above the turbulent value of Cd may

therefore be considered as a measure of the variation in Cq over the

prescribed range of Rep,. The percentage variation in Cj is then gotten

by dividing this variation by the mean valuve of Cd in the turbuient region.

This information is tabulated below (for the prescribed range of Rep).

TABIE Ii - FIRCUWTAGE TARIATION IN O
OVER PRESCRIBED RANCE OF geD

Plate pominal R ¢ Yeriaticn A
Daniel 0.1 2.2
Taylor #1 0.1 1.2
Taylor #2 0.1 1.6 |
12
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TABLE II - PERCENTAGE VARIATION IN Cq OVER
PRESCRIBED RANGE OF Re,, (comtimed)

A\]

] Plate lominal R % Variationy
Daniel 0.2 3.0
Taylor #3 G.2 3.2
Taylor #7 0.2 5.8
Daniel 0.3 3.1
Taylor 0.3 3.3
Daniel G.4 4.2
Taylor - Q.4 4.0
Daniel 0.5 3.5
Taylor 5.5 3.8

It is iInteresting to notice that Teylor Flate #7, whose discharge

RO R P TT RV I TV ST T

coefficient exnibits an unusuelly large £ varietion, is also characterized

by a throat thickress (dimension "e" in Anvendix A) which is more than

four times the value called for by specifications. More generally, the

SedAliar) _cfe .

plates with smaller dizmeter ratios appear to show less deviation in C 4

o

b,

Por practical purposes, when a conic orifice is used over the specified

range of ReD, Ca should be counsidered to have the value lying midway

[LTLI NP OSRYTINOL PN S

between the extreme velues cf cd’ thereby having un uncertainty of one-

half of the Z variation listed atove (i.e., for R = 0.1, Cd might be

PRVNTRUCTTEN

L.

i congidered accurate within + 1Z). It stould also be noted that, for the
low Reynolds number range of data compiled by the American Society of
Mechanical E:ng'ineers2 on sguare edged orifice plates, there is a greater

% variation in C4 than was found for the conic entrance orifices described

PO FT O E T 2 IRRTR ey

herein {for the same Reyrolds number range).

whata
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Although all of the test results are embodied in Figures 6-17,

Y

it is nonetheless informative to plot the dircharge coefficient versus
’
the Reynolds number based on the orifice diameter, Re; (throat Reynolds

ramber). Figure 18 is such a plot, and the similarity of the curves for

NI R TP

the various orifices is guite arperent. In particular, the value of
Res for which C4 is a maximm i
tested, regardless of the value of R. The implication is that Rey is
a physically more meaningful 6i_::ensionless group against which to plot

C3- This follows if one interpretis ithe chbange in sign of the slope

LA NS
oot wrnprernaeimes ax

of the graph as signifying the trensition from laminar to turbulent
flow in the orifice. With this assumption, Figure 18 indicates that
Req, rather than Rey, more completely characierizes the nature of the flow
through the orifice, with the effect of B being merely to lcwer or raise
the characteristic curve.

A more exact treatment of energy conservation than the usual
application of Bermoulli's eguation may be used ic estimate the

dependence of the discharge coefficient on R. Appendix C should be

consulted for such an analysis.
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ANALYSIS

Altrough simplicity :haracterizes the morphic description of an
orifice plate, its dynamiz behavior is nothing less than complicated.
In fact, an exac*.‘ golution for the flow of a real fluid through an
orifice hag never been attained. To accomplish this, the Navier-Stokes
3

equaiicns wouid have to be solved for tho appropriate boundary condition:z
(1.e., the velocity vanishes on 2ll s0l133 surfaces). However, the

nonlinearity of these equations, as well as the discontinuous bxundary

conditions has made their solvtion w:f2usible. A more general and more
qualitative approach must be employel. if the performance of the conic
orifice 13 to be "understood"”. The most reasonsble aim of such an under-
taking is to decipher precisely -ix:lch modifications to the plate geometry
will result in a lesser variation of Cd in the low Reynolds irumber domain.
Dimensional analysis of the parameters which characterize incompressidle :
flow through a conic orifice shows that a complete description of amy test

with a conic orifice is expressible in terms of the dimensionless mmbers: ’4

Gas Rep, B, F, § and & (the last three aymbols refer to Figure 1). Purther,
if the viscosity is neglected, then R:eD is no longer necessary. ‘The important
conclusion is that, for an ideal (inviscid) fluid, €y is a fuaction of the
plste geometry and R alone. Since C; would be constant for all flow rates
were the fluid inviscid, it must be the viscosity which causes the
characteristic "mumpe" in Figures 6 - 17. .

It is instructive to solve the problem of ideal fluid flow (potential
flow) through an ordinary, square edged oriffce. This can be done for the
case of vanishing P, with the udded assumption of uniform mess flux

PP

through the plane of the orifice. (These assumptions greatly facilitate
solution.) The problem is worked out in Appendix B. The solution thus
obtained predicts a discharge coefficient of approximately 0.55. Under

1
)
A9

)

U

¢

v

I N TEC S VN TSP S TS LTWY . OPPLL LXSRIP RPN




R T AT I

NAVSECFHILADIV PROJECT A-1000

the assumptions made, the direction of the fluid velocity at the
orifice edge necessarily makes an angle of about 450 with the pipe
axis. To assess the valjdi‘ty of this model, the experimental results
must be consulted. The average value of the discharge coefficient

for slightly turbulent flov (ReD ~ 2000) through an orifice with

R =0,1 is about 0.612, Although the prediction given above is

about 74 too high, it should be noted that the analysis in Appendix B
shows that the exact prediction is actually less than 0.65 (perhaps

by several per cent). It is also interesting to note that 450 is the
optimm edge bevel angle for conic entrance orifices with small &,
Based on the above results, it is clear that the analysis and assumptions
made form a reasonably accurate description of the actual flow through
a square edged orifice wich small diameter ratio (R) in the region of
low turkulence (Kep ~ 2000).

Although 41- above results are gratifying, they do not point
directly o 2 means of improving t.e conic entrance orifice., Still,
it shoald be kept in mind that the more closely the test conditions
app. .ach the ideal, the more nearly C a might be expected to remain
constant. Before discussing plate modifications which might Le expected
to resuli in mcre rearly ideal boundary conditions, the reason for the
improved perfcrmance of “he conic entrance crirfice as compared to r
square edged orifice should be elaborated.

The 2xact solution of the Navier-Stokes enuations for the steady

flow of a veal, incompressitle fluid (1iquid) along a converging, ylane~
3

walled channel was ohtained by G. Hamel in 19.6”. AJthough the solution is

29
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very complicated methematically, qualitatively the resulis are that, for

ReD much larger than 1 (perhaps several hundred), the flow is essentially
1ike that of an ideal fluid (i.e., poteniial flow). Although this solution
is for the two dimensiongl case, it is very reasonable to assume that 3ts
egsential eharacteristic:s would be found in the exact solution for conve~«ine
flow in a cone. Thus, it would De expect2d that the intryduction of o ¢~ 7
entrance to a square edged orifice could be considered as a perturbation i:
the flow whose effect is to bring the rlow pattern into closer corresponcs:ce
to the potential flow solution. 71t should be remembered that this reasoni~-
is valid only for Rep >> 1.

Mathematically speaking, the only requirement for potential flow
is that the curl cf the velocity vanish throughout the region under
consideration, Phy:ically, ron-zero curl is created in regions of fluld
shear stresces which are attributable to non-zero viscosity plus the no-slip
boundary condition (i.e, ; = 0 on all 'surfaces). Since the fluid viscosity
is something that cammot be eliminated, it is only through the boundary
conditions that the curl of the velocity might be minimized., For practical
values of Rep, zero curl is never a good approximation Jownstream from an
orifice plate, Therefore, only modifications to the upstreem boundary
sonditions will be congidered here.

Examingt’on of Flgures 6 ~ 17 shews that increasing g has an
undegirable effect on the bebavior of Cq- Since the magnitude of R is
indicative of the selative proximdty of the pipe wall to the orifice, it
It veszonadle to swrmise that the neayness of bounding surfaces to the

orifice entrance snierces pon-ideal performance. It appears that a gtep

2
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toward ideal performance would involve a decrease in the su-face area
near the conic ent'rance. Aside from the pipe walls, the-only other
surface near the conic entrance is the upstream face of the orifice
plate itself, TIhis may ‘-;‘herefore be accomplished in a straightforward
manner by simply recess?.r;g +hat portion of the face of a conic entrance
orifice (Figure 1) which is nearest the orifice entrance. 3 conie
entrance orifice plate thusly modified might be called a "protruding
conic edge" orifice plate, a diagram of which is Figure 19. It should
be emphasized that, to the best of the authur's knowledge, such an
orifice does not presently exist, .and Figure 19 is merely one possitle
design which seems vorthy of investigation. The ceniral ideal behind
this type of modification is to decrease the influence that the vigcous
effects agsociated with the plate surface have on the orifice inlet
velocity profile, -

It should also be mentioned that, althouch theoretical considerations
might lead to an extended range cf applicability of orvifice fiow measurement,
they also lead to the conclusion that orifice flow measurement cannot ve
rracticable in the limit of very small Reynolds numbers (ReU < 1}, Algeoraic
manipulation of the exact solutior for sciow, viscous flew through a sl:’d;4
shows that C; must vanish in the 1imit of very slow flow (Vv ~ 0). 1n other
words, although it is reascnable to attempt tc eliminate the charucteristic
hump in Cy vs. Ren, it is imposcitle to eliminate the monotoric deciine

in Cd for values of Re_ to the left of the hump.

D
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CONCLUSIONS

Whlle the conic entrance orifice is an improvement over the square
edged oritice for flow measurement in the low Reynolds number domain
(Table I), it is only for the smallest diameter ratio tested, 8 = 0.1,
that Cg may he expected-to remain constant within + 1%. Further comparison
of the data obtained in this investigation with data cbtained in other
.’ane&r!'.:iga'l;:i.ons5 indicates that a plot of Cy4 (average) vs. R with less
than 1% standard deviation (as sought by the International Standarcs
Organization) is not feasible for the specified Reynolds number range.
Also, the conic entrance orifice is not unique, since the quadirant edge
orifice shows approximately the same percentage maximum variation in
discharge coefficient over the specified range of Reynolds nm!xberé.

For Reynolds murbers above 800, C4 for the quadrant edge oririce actually
exhibits a lesser percentage variation.

There iy reason to believe that further modification of the conie
entrance orifice plate, such as the protruding edge design in Figure 18,
might result in improved performance, Strict specifications would be
necessary for the manufacturer of any modified plates. In particular,
conformance to the specification for edge thickaess (parameter "e")
wag found to be entirely necessary for the tested orifices (i.e., Taylor
plate #7, 2 = 0.2, had an edge thickness of about fcur times the specified
value, and its plot of C4 vs. Re, was anomalous compared to the other two
plates having £ = 0,2). In view of the difficulties manufsctursrs had
meeting the required specifications for the test plates, it appears as
though manufacturing problems could 1limit practical use of the conic

entrance crifice,

It should be noted that conversion from the Navy's diesel fuel oil

33
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to Navy distillate will lower the range of Reynolds numbers encountered
in certein shipboard systems, This development could give added value

to the conlc entrance orifice, which is well suited to low Reynolds
number application,

RECOMMENDATIONS
+. The conic entrance orifice should be considered on a par with

the quadrant edge orifice for shipboard flow measurement at low

keynolds numbers, Practical considerations, such as cost and manu-
k: facturers ability to meet specifications, should dictate whether the

conic entrance orifice should be used inatead of other (low Reynolds
number) orifices.

e 2. Where flow rates are encountered which considerably overlap the

2 regions listed in Table I, the conic entrance orifice is to be preferred
t2 a square edged orifice.

3

3. FPurther investigations aimed at low Reymolds mumber, orifice flow

measurament should study protruding conic edge designs such as that
é shomn in Figure 19.
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APPENDIX A

SPECIFIED AND MEASURED VAIUES OF
CONIC ENTRANCE ORIFICE PIATE DIMRNSIONS
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DI *INSIORAL COMPARISONS (INCHES)

| Dimension i i
Nominal Designation ; | Taylor : Taylor Required Daniel ‘!
Beta {See Fipure 1), Plate | ‘Plate Spec. Plate
L i
% ] AV
} AT 2
5 .11.80 L1181 ot .1278
F : 45° 450141 4P+ 1.5 i 45%
; 016
J .01.25 .019, “oL8 i' .017 ;
.10 e - 0035 .0021 .004 ; .008
{

a 2052 | .2065 22 ogyy
.2065
4240 :
K . L4097 4165
4144 4 4140 ’ i
Actual Beta .0990 .0996 L1004 ;
i =
#3 #7 i :
.118 .126, +124 | 1265
E 1183 204, g 5 5 |
F 45°40¢ 45°0¢ 45° +1.5°1 45°%0 :
3 .0388 0496 038 .0396 |
.036 i
.70 e .0100 .0375 .009 .0104 |
H
a 4122 4163 1 «A4l40 4132
; .15130 ;
K .8285 8440 i 4837 .8315 |
84 i .827 f
Actual Beta .1988 .2008 i .2003 !

¥ Teylor numerical plate identification.

[P IPPNFIT 1T QTR R TR SN



y NAVSECPHILADIV PROJECT A-1000
7

3o A shepradhs

DIMENSIONAL COMPARISONS (INCHES)

A

14
Dimension’
Neaainal Designation Taylor Required Deniel

Beta (See. Figure 1) Plate Spec. Plate

Koastiraty

#4

24
E 01186 .126 .1274

: F 4P 4P 215 | 450

3 .056

| J . .0568 058 0535
: .30 e .0152 013 0165

. 1.340
2 K 1.2423 T 540 1.2426

Actual Beta 2997 .3003
4 J24 1580
E .1186 w2 .12

3 F 39°28¢ 3P +1,5° | 41%%
. P .0800 +082 L0872
'3 .080

40 e .0205 .017 OU8

{1
g
N
g

.8276

: ' 1.6 L.66t 1.6588 ]
3 . o34 165, ° !
¥ Actual Beta .3989 4012
F
4 22
E i
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Dimension

Desigration
(See Figure 1)

Teylior

-1.4
rizve

peniel
Tiate

.\h
Q

=}

o

d
K

Actual Beta

56
.1861

22001

L0167
1,0325
2.0665

4980

.1886

32°20!

1.6323

2.0673
5004

T,

. e
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AFFNTIX B

SDPLIFIED SCUZTI0N FGR FOIZNT
FLOW TERCUGH AN CRIFICE
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NOMENCLATURE

A - area v

a - radius or orifice

Cq - discharge coefficient

F ~ hypergeometric function

f - a function of k

G - a function of n

J, — Bessel function of order n

k - integration variable

P - pressure

v - fluid wvelocity

z - coordinate along symetry axis

Greek

B - ratio of orifice diameter to pipe diameter
y - a substitution for the power series in #

I' = the gamma function

0 - angle of converge of the flow at the orifice edge
¢ - substitution for {g)

- radial cylindrical coordinate
Pp = Mass density

© ~ the velocity potential

bse 8
0 - at the plane of the orifice
1

at the plane of the vena contracta

r - in the radial direction

t - total

in the axial direction

N
[}
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The analysis that follows tre.cs t.e flow of an incompressible,

inviseii fluid ‘bﬁmu.gh a common orifice. Only the upstiream velocity

field i3 treated, since the corndition of zerc curl, which is recessery

for potential flow, is {1most never a reascnable approximation downe

stream of an orifice. The condition of inecmpressihle flow (a very

good assumption for liquids) is erpressible mathematicully as

V.¥=0
Th> eondition of zero curl permits the exprassion of the wvelocity
ac¢ the gradient of a velocity potential:
8 That %, Txvy=n :
‘ | rermits the velocity to be exprescsed sa
& ¥ =% :
The equation which the potential must satisfy throughout the upstream f
. volume is therefore lLaplace's equation:
. v = 0 1
Because ihe prcblem has cylindrical symmetry, a general mathematicsl ‘
expression may be used for the potentiai in the semi~infinite domainm:
. w (A, 2) = jigk £(k) e”k 2 I, (kp) M
3 o Equation (1) ]
' where the form of t(k) depends on the boundary condiiicms., If the ‘
’,' orifice has radius a, then an cbvious boundary condition is that the ;
) component of velnelty normual to the plate vanish at tha plate:
\ . \A (n,0)=a'%%‘gl‘-0fora<p<w
‘e To completely Jetermine the solution uvhroughuut the region, the boundary
p:
: B2 ’*
.,T’:i--w s st .
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conditions must be specified over the entire bounding surface. Since
the geometry does not dictate the boundary conditiors at the orifice,
we assume that the efflux of fluid is uniform over this surface:
I3
v, (0,0) =L"{§9ﬁl=v2 forC<p<ga
a2 ‘O
Ncticing that
o
g-f (~,0) =J @ ¥ £{x) 3, (ko)
the boundary conditions which determine f{k) are seen to be:

e v ey = [ O<n<a
Jax e smy = {7 S50

Po £ind £(k) from these conditions it is necessary to employ the

B2
Hanel transform , which states that if

o
|

SORSE S OREACY

then the inversion formula is:
!‘”
£(k) =)o nG{n) I, (kn)
For our problem we have

D<nga

-—

-,
Glry =4 72
e 1.Ooa_<_n§_°°

go that

a
\‘ = - / Iy, ]
£(%) Of an p vy ), (k)
which may be evaluated using tne property of Dessel Dinctions that

d% [.{an(x)] = ann_l(x)

B3
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which, for n = 1, is

d[xd; (x)] = xJ,(x)ax

Ietting x = kp, the integral for (k) becomes
’

i -‘l'zo ka "VZ ]ﬂ
f(k) = —Fi Idx XJO(X) = -%-Q-.!.d(x‘yl (I))
0 O
8o -V, ~Vy_ €3, (ka)
k) = =2 [ (ka)% (ka) ~ 0] = -

¥ (ka;

Substituting thls in equation (Bl) ylelas

* & (ka)d,(kp)
00,00 = v [ o 20Tl

This may be evalusted ucing relation 11.4.32 »f reference B3:

2
’ : ) \
@(O,O) =-(Vz_oa) ZF'(&{%{%%; F(1/2: '1/2-: L <§> /,

where I represents the gamma function, and F is thz hypergeometric

function. Relation 15.1.1 of reference B3 gives the Gauss soriec
2

expansion of tnis fimetiorn for (g} <1

9) = r{a oo (L) 21‘(‘;’-‘*‘,1) n =1
#(0,0) =g ?FT{_)L(B% F(lm,?n vt ©

where £ has been substituted fex | g.). The Teoblem now is essentially
\

to expand this series, retaining epough terms for the desived accuracy,
then tale the negaiive partial derivative of the potentlal with respect
te p. By definition, this xill res'lt in an approximation of the radial
velozity component over the plage of tie ordfice, The gamme functicns

- are tabulated and thc series expangicn is strelglalo.vara,

B4
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-V, a

o{p,0) =

2 1152 & ygs T Sty

22"

i a.£=l M=MQ£ w2 have:
Recalling that 3p &’ a:xd Sn 3f 30’ ¥ :

¥ , 2 r 3 *
Volo,0) = FLAECL = —= 1 5 ¢ 2753 4 234445 + 17007 + .13464° [Equation (B2)

Tetting 4 vepresent the series terms in the brackets, the velocity

profile on the plune of tne orifice may be expressed as:

Yo * ag (2 L7
where % and T are unit vectors in +he a::ial and redial directions
respectively.

Sirce we assume notential flow, the total pressure is a constant
‘throughcut the fiuid, and depends on the usuwal (static) pressure, P,
and velocity a= follows:

Py=P 3oy

The statement tlat tnis is a constant s equivalent to stating
thet erergy is conserved. The remeining conservation laws which pertain
sre pomenium comservalion and mass conservetion. We opply these laws

iween the plene of the orifice and tre plane of the ven2 coniracta,
with the added assumptions tha, there is no flow thmugh the radiai
¥alls of our ccatrol volume (a cylinder) and that the pressure in the
plene of the vena centracts is a constant and is in fact the pressure
which ie measurad in a »eal orifice tesi.. Assumirg further tha* the

velocd ty vro.ile in the vena ccniracta is fla%, the area of the vena

;s . Al v, * ”
AU RN LT A as s Cona. foiot sz mee i

[721;’4»%53 +£’.F4 + 420 3 LSTST oy 99205g ;:10"'...]
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contrecta may be calculated. The ratio cof this area to the orifice
area will then be considered as our predicted value of the discharge
coeffinient.

For the general expression of momentum conservatlon page 23 of
reference B4 may be consulted. For thls problem, we denote the orifice
piare by o and +he plane of the vena contracta Ly 1. Momentum con-

servation beromes:

b a
1 T ) -
oﬁ“’t * g%, < 8 e, ¥ 2% iRy ¢ don T 2mnds + 1 2000

where ihe radius of the vena contracta is b. Ietting A denote area

we get

_ Aop¥zg

J,’,a,:d;--(p +5P':?)A + (2 :a:p1 *)L+R (A, -A)

Before going fMrther, the integral must be evaluated. Recalling the
definition of y (y = £ + 37562 + 224445 + 17097 + .1346+°), the
Integration is cumbersome, btut straightforward. The result is:

f 2rar = 0.5552
Substituting, the principle eguation becomes

vaz AO=-(P +%pmV3‘A +(pt+%pmv ) & +P (A, = &)

Substituting P, = P, - %"mvz., ard cencelling terms gives:

2 2
"0'1388"%‘“0“'0‘5"20‘*0 +0.5 vy A +05v & -4}

or

VZI VZ /

0.2776 (297 - (Teo' - (B)2- ()
Ao

B6
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] g recalling that continuity reaquires v, A =1v_ A, Or (Y20) = M\ e

3 : A . % o 21 43 \-v'{l‘ \g/’

% obtain, on rearraenging terms:

1 A
3 1 \2 | ’AI\- _
3 (Ao) "f2.768‘) (\-A-.;/"f' ].3843 =0

VEHL MO

Sinee tke ratio (4 /A,) is just the theoretical correction to the
mass flow rate predicted using Berrnculli's equation, the root of this

equation is the theoretical discharge coefficient:

T 2.7685 ~ J(2,7685F ~ 4(),2343)

2

M Cd

= .65

This result should be compared %o the averare experimental value
of C(‘,l with R = 0,1, which is epproximately 0.61. It should be noted
that retention of higher order terms in the previously obtained (hyper-
geowetric) series would result in a smaller predicted value for C 4
Because of the poor convergence of this series near n = a, the exact

solution (retaining all terms) is probably a few percent lower than

the approximation given here. It is therefore quite clear that the

enaiysis given above is a reasonably acourate description of the actual

flow through a square edged orifice with small diameter ratio (R) in the
reglon of low turbulence (Reg ~ 2000).
1he angle of convergence of the fiuld velocity at the edge of the

orifice mey te estimated by substitutine £ = 1 into equuivion (B2):

VAR T 4 TR R P  PLivt (BT

s0 that the angle of convergence is app.oximately
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A

-1
B ~ tan (%) = 45°

which happens to be the optimum bevel angle for the conic entrance
orifice (with 2 = 0.1)./

Referenceg:

Bl - Jackson, J. D., & c 1 cg, Jom Wiley and Sons, Inc.,
New York, New York, (1962), p. 77.

B2 - Morse, P. M. and Feshback, H., Method of Theoretical Physics, McGraw-
Hi1l Book Company, Inc., New York, New York, (1953), p. 962.

B3 - Abramowitz, M. and Stegun, I. A., Handbook of Mathematical Functions,
National Bureau of Standards Applied Mathematics Series 55, (1964),

p. 487

B, - Landau, L. D. and Lifshitz, E. M., Fluid Mechanics, Addison-Wesley
Publishing Company, Inc., Reading, Massachusetts, (1959), p. 13.
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APPENDIX C

CORK... ITON TO DISCHARGE COEFFICIENT
DUE TO LAMINAR UPSTREAM VELOCITY PROFILE
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In the analysis that follows it will be shown tha’, the principles
of energy and mass conservation can be used to derive a more exact
expression for the flow rate through an orifice than that normally
obtained using the Bermoulli equation for one-dimensional flow, Viscous
energy dissipation will be neglected.

If ¢ denotes the internal energy per unit mass, then the energy
per unit volume of the fluid is:

' . V@ + pe
The time rate of chenge.of this energy density is simply

'a'% (37 + pe)
Using the equation of mass continuity,

g%5l~7-p‘v°=0

along with Euler's equation for inviscid flow,

W=-C.F)7-

ot ;P

A-B i

we find that

52 (o) = 3Pl2 457 - 3T

-V V-V TPy - (V- T)V
- 3V g7 -V . TP By - T
The thermodynamic definition of the differential change in enthalpy
(w) is:
dw = Tds + (%))d?

where 8 ic the specific entropy. We may therefore write

]

cl

g nn gt

F
3
3
K]
2
¥
2
H
i
;
H

PR
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Vp = p’v’w - p'ﬁs
which, upon suhtstitution in the expression for the time rate of
change of kinetic energy, yiel‘fs

5% Bp?) =3PV . oV - g7 - V(AP +w) +pIv - V8 Equation (C1)
We now consider the termgi-(p() by writing the thermodynamic relation

= - ol d

de = Tds pa(p)

=Tds+(§a')dp
andrecal]ingthatw=e+§,sothat

d(pe) = edp + pde
= ('-g)dp + p(Tds +-§2dp)

= wip + pTds
which means
at at T PT ot
In the absence of heat conduction and viscous energy Aissipation, the
entropy per unit mees of a fluid "particle" will remain constant in time:

dat at
or
08 = 3 . 7
3t v 8
Likewise, the continuity equation for mass may be written:

at
the expression for a},(%d' becomes, with the above substitutions,

‘‘‘‘‘‘
ppp
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B.é(%d. = W . oV = oIV - Vs ' Equation (C2)

The time rate of change for the total energy per unit volume may
therefore be written (usi:ﬁg equations (€1) and (C2)

w:- (i»va +w)6- nv-n-\;°3(%v2 +w)

3t

s

or, finally, using the relation V - fg = {V - g + g - V£,
d(3pV + I 1
.-‘ma_t—.ﬂ.ﬁ). = . [pv(-é\? + W)J
This equation ray be applied to steady state orifice flow
2 = 0) by integrating over some volume and transforming this

dt
volume integral to a surface integral using Gauss' divergence theorem:

0= fv- [ov(3P + w}]dV = ‘E‘o'\?(%vz + 7). dA
Volume enclosing
surface

Iet A be a plane surface normal to the pipe axis, and sufficiently

for upstream of the orifice that ¥ is parallel to the pipe axis, and let
Ao be tha surface in the plane of the orifice. Using the fact that
v = 0 on the pipe surface and orifice surface, the atove equation

becones

(3o + ovwids, = jov(3P+ @) - di
plpe cross-section orifice
Since the aim of this analysis is Yo correct for the upstream

velocity yrofile, the same simplifying (but inaccurate) assumption will

be made about the flow at the orifice as is normelly made in the application

of Bernouili's equation: ¥ is parallel to the pipe axis at the orifice,

C3

i
,
"i
{
9
)
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(Actually, this assumption is more correctly applied to the vena
contracta.) All tl‘mt remzins is to assume velocity profiles at A
and A, and vhe above equ?‘bions may be integrated. To keep the
calculations relatively simple yet accurate, consider flow for which
Reg > 2000, yet Rep < 2000, In this region laminar flow will be
encountered at A , while turbulence will exist at A, . The welocity

-_ profile for laminar pipe flow is well known to be a paraboloid, while

: a flat velocity profile has been found to be a reasonable approximation
for turbulent flow, In other words

£ at A : v=2!‘1<1-11;)
at A,: v = ;2
where ¥ means average velocity, and use has been made of the fact

that the velocity along the pipe axis is twice the average velocity
for laminar pipe flow. The central equation now becomes:

W - -

J.R“Vi'(l - (%/) 2rrdr + oRwm A = phk (B4 w)
E 0

: wnich upon integration gives

‘ 2 - -2

‘ vy A (;1""1) =szﬂe(é"2+'e)

. mass continuity requires pvy A = p;r;A, , bence
Z 2

2
7 71.4.‘:%4‘
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the entialpy is w = f + ¢, 50 that
2 2
— B - P
v, +;)1.+€1 = i, +Z)L+€2
The change in the Internal energy is

!

de = Tds - i dp
However, the fluld is being considered incompressible and isentropic,
sv that

ds =dp =de = 0
vhich means that ¢, = ¢,. The equation of energy conservation
becomes

2 2

PV, +P ST, t R

Apply the continuity equation, nv,A, = oWy A,

23

% V?(%i')= @;3

A

and substituting this for v,

~
<

2
p%RA +P =% + P

% =V A=)

The theoretical mass flow rate is therefore
- I\ = i
nf =k = 1f N T T 2#)

Recalling the theoretical expression obtained on page 3 of the text,

solving for v, ,

and defining a new discharge coefficient, Cl, we have

C5
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. m = Cgm = Cgm
1
Sg=mt=J1-9§-
c ;J 1-

This correction factor is tabulated ba2low:

| 4
i %a/Ca
0.1 0.9999
e.2 0.9992
0.3 0.9959
0.4 0.9868
0.5 0.9661

The validity of the preceding analysis is brought to light by

a table comparing the newly defined discharge coefficient to the

unual discharge coefficient in the region which this analysis treats,

EE Rey = 2000. (This is where the maximm of Cyq occurs, and, it is
E hypothesized, where the transition to turbulent orifice flow begins.)
o !
1 3 %a (nax) “dmax)  Measured tevel angle, F
0.1 745 45 45°%05"
0.2 752 751 45308!
0.3 751 748 44 24"
0.4 .782 T72 4029
0.5 .815 .787 32°10¢

These are nominal R values, and average values of Cd(max) and F

for the plates tested. For the first three plates, the bevel angie is
approximately the same, and C& ig the same (within better than 1%). For

the last two B values the decreasing angle of convergence apparently results

|}
in a larger value for cd.

In summary, it appears as though the increased height of the hump

in C4 for lerger g values is due to the fact that the usual Rernoulli

cé
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ecuation approach does not take account of the txve upst:;ceam velocity:

profile. It is expected that il F were the same for all valucs of 8,

t B
the curves of Cy versus Re d worlid be nearly coincident for every rlate,

provided the correct velocity prcfile were used.




